The non-classical Small Optic Lobe (SOL) family of calpains are intracellular cysteine proteases that are expressed in the nervous system and appear to play an important role in neuronal development in both Drosophila, where loss of this calpain leads to the eponymous small optic lobes, and in mouse and human, where loss of this calpain (Capn15) leads to eye anomalies. However, the brain regions where this calpain is expressed and the areas most affected by the loss of this calpain have not been carefully examined.
Introduction
Calpains are intracellular cysteine proteases that were first discovered in rat brain [1] . There are four conserved families of calpains: Classical, PalB (phosphatase mutants: loss in activity at alkaline pH, but normal or increased activity at acidic pH), Transformer (Tra), and Small Optic Lobe (SOL) with the classical being the best characterized family.
All calpain isoforms have a conserved catalytic domain and each calpain family has unique domains: a C-terminal penta-EF hand domain in classical calpains; a C-terminal C2 domain in Tra calpains; an N-terminal MIT domain and an additional C-terminal C2 like domain in PalB calpains, and an N-terminal zinc finger domain that binds polyubiquitin [2] and a C-terminal SOL homology domain in SOL calpains [3] [4] . The most ancient family of calpains is PalB, which is expressed in Fungi, followed by SOL expressed in the earliest metazoans, while Tra and Classical calpains diverged from PalB in early pre-bilaterains [4] . Thus, of the four families of calpains present throughout bilaterians, SOL is the most diverged [4] .
Calpains play diverse roles in cellular physiology. For instance, degradation of repressors of plasticity by classical calpain, Capn1, in the hippocampus is important for the induction of synaptic plasticity associated with memory [5] [6] [7] . Another distinct classical calpain, Capn2, plays an opposite role in limiting plasticity [8] [9] . Furthermore, Capn2 deletion from birth results in embryonic lethality [10] demonstrating multiple distinct roles for this specific calpain. However, while the role of the classical calpains has been well characterized, the role of the other calpain family members in vertebrates is less clear.
SOL calpain was first characterized in the fruit fly Drosophila [11] [12] where loss of the SOL calpain lead to a 50% reduction in the volume of Drosophila optic lobes [12] .
However, how SOL calpain is activated and the identity of its substrates remains unknown. While calcium can activate classical calpains by binding to their unique penta-EF hand domain and their catalytic domain [13] and can also activate atypical calpains such as Tra by binding to the catalytic domain [14] , it was shown to have no detectable effect on SOL calpain activity [2] . This is most probably due to the lack of conservation of calcium binding residues in the catalytic domain of SOL calpain [2] . In addition, while the SOL calpain zinc finger domain binds to polyubiquitin, polyubiquitin alone or together with calcium did not activate SOL calpain [2] .
In Aplysia, expression of a dominant negative catalytically inactivated SOL calpain specifically prevented a form of non-associative long-term facilitation [15] . This may be due to a role of this calpain in cleaving PKCs into persistently active PKMs, since unlike vertebrates, invertebrates lack an alternative transcript that expresses PKM [16] .
However, studies using inhibitors and dominant negatives have shown that PKMs still play a role in maintaining memory in this system [15, 17] . As non-associative plasticity in Aplysia has not been characterized previously in vertebrates, it is of some interest to determine which neurons express Capn15 to identify candidates for where such nonassociative plasticity may occur.
We have recently generated Capn15 (vertebrate SOL calpain) knockout (KO) mice and showed that loss of Capn15 leads to a lower Mendelian ratio, a smaller weight of weaned Capn15 KO mice and developmental eye anomalies (submitted). We have also identified likely pathogenic variants of CAPN15 in three human individuals with developmental eye anomalies (submitted), suggesting a conserved role in eye development. Here, using 7 T pre-clinical MR imaging, we reveal a decrease in whole brain volume of adult Capn15 KO mice, as well as in specific regions, such as the thalamus and certain hippocampal subregions. We further characterize the distribution of Capn15 in the brain of adult Capn15 KO mice and show that Capn15 remains expressed in the adult hippocampal CA1 neurons and in Purkinje cells in the cerebellum, neurons particularly implicated in synaptic plasticity. We generate a Capn15 conditional KO mouse (cKO) in which Capn15 is only expressed in a subset of excitatory neurons in the forebrain after early brain development. Unlike Capn15 KO mice, Capn15 cKO mice have normal weight, eyes, and brain size.
Material and methods

Capn15 antibody
Polyclonal antibodies were raised in rabbits against the carboxy terminal of Capn15 using the following epitope: CDVAGLHGPRPL. A cysteine residue was added to the N-terminal of the peptide to enhance coupling. Peptides were coupled to KLHmaleimide and SulfoLink coupling resin (Thermo scientific) according to manufacturer's instruction. After conjugation to KLH-maleimide, rabbits were injected and after four boosts the final serum was affinity purified on SulfoLink columns as previously described [18] .
Generation of the Capn15 conditional KO mouse
Embryonic stem cells with a cassette inserted into the mouse Capn15 locus (intron 2) were obtained from the International Mouse Phenotyping Consortium (IMPC). The strategy used by the consortium was to insert a cassette that provides a strong exon entry site coupled with a stop codon with lacZ produced from internal ribosome entry site translation [19] [20] . To remove the lacZ-Neo cassette, these mice were bred with mice that contain flippase (FLP) recombinase that recognizes a pair of Flp recombinase target (FRT) sequences that flank the genomic region containing this cassette leaving lox sites surrounding the catalytic exons 3-5. These mice were bred against mice expressing germline Cre recombinase to remove the floxed exons and generate a KO line. To generate a conditional KO line, the mice were bred with the CaMKIIα-Cre-CRE T29-1 [21] that only knocks out Capn15 after development in forebrain excitatory neurons.
Dissections
Adult mice were transcardially perfused with ice-cold phosphate-buffered saline (PBS) followed by 4% (wt/vol) ice-cold paraformaldehyde (PFA) in PBS. Brains were postfixed in 4%PFA for 45min at 4 o C, rinsed in PBS, and cryoprotected in 30% sucrose/PBS overnight at 4 o C. The following day, brains were embedded in Tissue-Plus TM O.C.T. compound (Fisher Healthcare) and flash frozen in 2-methylbutane chilled in dry ice. The brains were kept at −80°C until further use. For amygdala dissection, mouse brains were removed and frozen on dry ice and kept at −80°C until further use. The amygdala was dissected from each frozen brain in the cryostat using a neuro punch (0.5 mm; Fine Science Tools). For MRI analysis, adult mice were transcardially perfused with ice-cold PBS followed by 4% (wt/vol) ice-cold PFA in PBS. Brains were then post-fixed in 4% PFA overnight at 4 o C, rinsed in 1XPBS, and stored in 1XPBS + 0.05% sodium azide.
X-gal staining
Sections of 20µm were incubated overnight at 37°C in solution containing 80 mM 0.2% NP-40, 0.1% sodium deoxycholate, and 1.5 mg/ml X-gal. Sections were rinsed in PBS, washed in ethanol (50% for 1min, 70% for 1min, 95% for 1min and 100% for 2X1min), cleared in xylene, and mounted with Permount (Fisher Scientific).
Immunohistochemistry
Adult mouse brains were fixed with 2% PLP solution (PBS containing 2% PFA, 10mM sodium periodate, and 70mM L-lysine) for 3 h at 4°C and P3 mouse brains were fixed with 2% PLP solution for 1 hr at 4°C. Brains were cryoprotected in 30% (wt/vol) sucrose in PBS and embedded in OCT (Fisher Healthcare). Brains were frozen on dry ice and cryosectioned (14-µm-thick coronal sections). Sections were first incubated with blocking solution containing 5% (vol/vol) goat serum (or donkey serum for goat antibodies), 0.1% (vol/vol) Triton-X, and 0.5mg/ml BSA in PBS for 1.5 h. Hippocampal and cerebellar sections were incubated with a rabbit polyclonal antibody directed against Purkinje cell protein 4 (PCP4; Sigma, dilution1:400) and a chicken polyclonal antibody directed against β-galactosidase (β-gal; abcam, dilution 1:1000) in the blocking solution overnight at 4°C. After rinsing five times with the blocking solution for 5 min, sections were incubated with a goat anti-chicken IgY secondary antibody conjugated to Alexa Fluor 594 (Invitrogen, dilution 1:500) and a goat anti-rabbit IgG secondary antibody conjugated to Alexa Fluor 488 (Invitrogen, dilution 1:500) in the blocking solution for 1 h at room temperature. Eye sections were incubated with a chicken polyclonal antibody directed against β-galactosidase (β-gal; abcam, dilution 1:1000) and either a goat polyclonal antibody directed against Brn3a (Santa Cruz, dilution 1:500) or a goat polyclonal antibody directed against ChAT (Millipore Sigma, dilution 1:100) in the blocking solution overnight at 4°C. After rinsing five times with the blocking solution for 5 min, sections were incubated with a goat anti-chicken secondary antibody conjugated to Alexa Fluor 594 (Invitrogen, dilution 1:500) and a donkey anti-goat IgG secondary antibody conjugated to Alexa Fluor 488 (invitrogen, dilution 1:500) in the blocking solution for 1 h at room temperature. DNA was labeled with Hoechst (1:2000) for 3 min and the sections were mounted using fluorescence mounting media (Dako, S3023). All images were taken using a Zeiss Observer Z1 fluorescent microscope using a 10X objective.
Quantification of Purkinje cell number
The number of cells in PCP4-labeled Cerebellar sections were counted manually in 8- 
sections through the cerebellum and the density of cells calculated for WT and
Eye phenotype quantification
Mice eyes were examined and grouped as follows: seems normal, obvious cataract, small eye and no eye. This categorisation was performed for both eyes of each mouse. The analysis was performed blind in regards to the genotype of the mice.
Quantification of immunoblotting
Immunoblots were scanned and imaged using the public domain Image J program developed at the U.S. National Institute of Health (https://imagej.nih.gov/ij/). We calibrated our data with the uncalibrated optical density feature of NIH image, which transforms the data using the formula log !" [
is the pixel value (0-254). We find that with this correction and including the entire band (which expands near saturation) values are linear with respect to amount of protein over a wide range of values [22] . To be able to use different blots, we used the Ponceau image for each gel to normalize the amount of SOL calpain in brains at different ages to the amount of SOL calpain in E12-E14 brains run on the same gel. The image acquisition matrix was selected to achieve an isotropic voxel resolution of 100 µm 3 . The specific sagittal orientation imaging field of view was 2.3 × 1.7 × 1.7 cm 3 . 31 signal averages were collected to improve image signal-to-noise ratio, leading to a total scan time of approximately six hours and 60 seconds for the full MRI histology scan. For image reconstruction, a trapezoidal filter was applied to the complex image data along the first phase encode direction to reduce subtle effects of Gibbs ringing.
Image Acquisition
Image Processing and Statistical Analysis
We employed an image registration-based method to investigate anatomical brain volume differences between WT, conditional knockout (cKO) and full knockout (KO) mice. Specifically, an automated, image intensity-based, affine registration [23] was used to align all mouse brains to a common coordinate system. During this registration step, it was determined that the KO mouse brains were, on average, 14% smaller than the WT mouse brains. For this reason, as part of the affine registration, a volumetric pre-scaling was applied to globally scale the KO brain images by a factor of 1.14. The pre-scaling used a nearest neighbour approach. To avoid registration bias caused by differences between our studied population and the mouse template [24] , a population-specific average was constructed using an algorithm described in Fonov et al [25] . This step yielded an average image of all the samples included in our cohort. A mouse brain atlas [24] containing reference regions of interest (ROIs) for the thalamus, amygdala, parieto-temporal cortex and whole hippocampus was next used to provide suitable ROIs for volumetric measurement. More specifically, a nonlinear registration (ANTs [26] ) between the atlas space [24] and our population average was conducted to create an anatomical atlas specific to our mouse population. The deformation fields from the non-linear registration were inverted and blurred with a Gaussian smoothing kernel. The Jacobian determinants of the deformation fields were then extracted to yield estimates of local expansion or contraction at both the ROI and voxel level relative to the population average. Since we also had a specific interest in volumetric changes in KO mice in the hippocampal sub-fields, a mouse hippocampal sub-field atlas [27] was non-linearly registered [26] and warped to the population average to measure volumes of the cornu ammonis 1 (CA1), CA2, CA3, stratum granulosum and dentate gyrus in the mouse brain images.
We next used a linear model in the R software package [28] to measure the main effect of volume differences (i) in individual ROIs in KO and cKO mice compared to WT mice and (ii) at the voxel-level in KO and cKO mice compared to WT mice. All statistical analyses were corrected for multiple comparisons, utilizing the false discovery rate technique [29] with a 5% threshold.
Results
Capn15 expression and distribution in adult Capn15 KO mice
We have previously described Capn15 KO mice [30] and taking advantage of the reporter gene lacZ which expression is under the control of the Capn15 promoter, used X-gal staining to characterize distribution of Capn15 in developing brain. Capn15 was mainly enriched in the mantle zone in E12 embryos, in the subventricular zone, immediately next to the ventricular zone and in specific areas of the hippocampus in E18 embryos and was ubiquitously expressed in the brain in P3 mice [30] . Most notably, Capn15 was expressed in the adult brain at remarkably lower levels than in the developing brain but was specifically enriched in the adult hippocampus [30] . To expand on these results, we more fully examined Capn15 distribution in adult Capn15 (lacZ-Neo) heterozygous mice using X-gal staining. As shown in Fig.1 , Capn15 is still expressed in specific sets of neurons in the mature brain, including the hippocampus, amygdala, and cortex. A closer look at the hippocampal region shows an unequal distribution of staining.
Excitatory pyramidal neurons in CA1 and CA3 and some cells located in stratum radiatum are stained. However, a gap near the expected position of CA2 was seen and in the dentate gyrus, Capn15 is expressed at low levels in the subgranular zone and showed the strongest signal in the molecular layer of dentate gyrus. This region contains mainly interneurons such as molecular layer perforant pathway cells (MOPP) [31] and neurogliaform cells [32] as well as astrocytes [33] .To confirm the result obtained with Xgal staining, we stained sections from adult WT and Capn15 KO mice brains with our
Capn15
antibody. Unfortunately, this antibody lacked specificity in immunohistochemistry and could not be used to this end. Thus, we took advantage of the lacZ reporter and stained sections from adult Capn15-lacZ mice with an anti βgalactosidase (β-gal) antibody as well as an antibody directed a CA2 marker (PCP4; [34] )
to confirm the lack of Capn15 in CA2 (Fig.2) . DNA was labeled with Hoechst. The antiβ-galactosidase (β-gal) antibody appeared as punctated spots (Fig.2) , perhaps due to aggregation or specific localization of the enzyme in neurons. To confirm β-gal antibody specificity, we co-stained sections from WT mouse brain with the anti β-gal antibody and
Hoechst. As shown in Fig.2 , a weak diffuse signal was observed in WT mice indicating specificity of the punctated staining in Capn15-lacZ mice and our result confirms the absence of Capn15 from CA2 (Fig.2) . When examining the staining with the β-gal antibody, we noted a striking difference between the punctated spots in the pyramidal neurons and in the molecular layer. This was most obvious comparing staining in CA3 neurons and the molecular layer in the same sections, where the majority of X-gal reactivity in the hippocampus was located (Fig. 3) . The punctated spots in the molecular layer appeared smaller, more numerous and less associated with nuclei (as seen by Hoechst staining; Fig. 3 ). While not definitive, it is possible that this represents Capn15 expression in astrocytes.
Staining in the Purkinje neurons was confirmed with stained sections from adult
Capn15-lacZ mice with the anti-β-gal antibody as well as PCP4, which was originally described as a Purkinje cell marker [35] . DNA was labeled with Hoechst. As shown in Brn3a neurons co-localized with β-gal). We also examined co-localization of β-gal with
ChAT as a fraction of retinal ganglion cells that do not contain Brn3a are displaced cholinergic amacrine cells [37] . Similar to Brn3a staining, about half of the ChAT labelled neurons co-localized with β-gal (62 ± 5, n=2). Thus, Capn15 is expressed mainly in the retinal ganglion cell layer in a subset of Brn3a+ and ChAT+ cells.
Capn15 conditional KO mice have normal weight and no eye deficits
We have previously shown that the homozygous loss of Capn15 decreases embryonic survival and weaned mice weigh less than their WT and heterozygous littermates [30] . Furthermore, Capn15 KO mice had mild to severe eye deficits that ranged from cataracts to microphthalmia (small eye) and anophthalmia (no eye). These eye anomalies were also present in younger animals suggesting they were not due to a degenerative process [30] .To further test this, we generated Capn15 conditional KOs (cKOs) as described in Methods and a CaMKIIα-Cre line was used to this end. Fig.6E ) and most importantly no eye deficits (Fig.6F,   n=20 Capn15 cKO, WT).
MRI analysis of Capn15 KO and Capn15 cKO adult brains
In Drosophila, loss of the SOL calpain was mainly reported to cause deficits in the optic lobe. However, it is not clear how extensively this has been analyzed. To use a non-biased screen to determine which brain regions are affected by the loss of Capn15, we used whole brain MRI on 14 WT (9 M, 5F), 8 Capn15 KO (4M, 4F) animals and 5
Capn15 cKO (5 male). There was no difference in whole brain volume between male and female mice for either the WT (p=0.97) or the Capn15 KO groups (p=0.83). Accordingly, males and females were grouped together for statistical analysis. There was a highly significant, 14% decrease in whole brain volume in the Capn15 KO animals (p=7.32e-7)
compared to the WT animals. We further noted a significant decrease in the hemisphere- 7A and 7C) . We also used voxel-based morphometry to measure local differences in volume between Capn15 KO and WT mice. Twelve representative slices having locally decreased volume of Capn15 KO brain compared to WT brain (blue colours) and the corresponding locally increased volume (yellow/orange colours) are presented in Fig.7B . Volume decreases in Capn15 KO mouse brain are notable (light blue colours) in the hippocampus, superior parietal cortex and thalamus.
Additional attention in our high resolution, MRI-based volume analysis was given to the hippocampus due to the possible role of Capn15 in synaptic plasticity [15, 39] . An image of the hippocampal sub-field atlas we employed for sub-field volumetry is shown in Fig. 8A . We did not observe differences in overall hippocampal volume between either
Capn15 KO or Capn15 cKO mice and the corresponding WT animals. However, voxellevel differences in hippocampal volume were observed between Capn15 KO and WT mice when we restricted our linear model statistical analysis to regions inside the hippocampal sub-fields ( Figs.8A and 8C ). In particular, there were voxel decreases in hippocampal volume for mid-line slices of the Capn15 KO mice brain compared to the WT mice. Examination of the hippocampal sub-fields using region of interest-based analysis identified decreases in the CA1 (p=0.001), the CA2 (p=0.002), the dentate gyrus (p=0.05) and the stratum granulosum (p=0.03) volume of Capn15 KO mice when compared to WT mice ( Figs.8A and 8C) . Notably, such volumetric differences were not observed in CA3. However, it is possible that significant changes in volume are taking place in sub-regions of the CA3 area but the atlas label includes both regions that increase and regions that decrease in volume which may explain why the box plot does not show statistically significant aggregate volume change in the CA3 label. As well, no differences in hippocampal sub-field volume were observed between Capn15 cKO and WT mice. We further performed a voxel-level statistical analysis of contraction/expansion inside the hippocampus. As shown in Fig.8B , volume decreases in Capn15 KO mouse brain are notable (light blue colours) in the CA1, CA2, dentate gyrus and stratum granulosum whereas increases (orange) are noted in the CA3 area.
Discussion
We have previously described Capn15 KO mice and found that they had a lower body weight and striking ocular anomalies when compared to their WT littermates. In this paper, we further characterize these mice using localization of Capn15 expression and MR imaging and show that Capn15 is expressed in a variety of brain regions in the adult and that the loss of Capn15 leads to smaller brains and specific changes in the thalamus, amygdala and hippocampal subfields.
The average weight of a whole Capn15 KO mouse is 10% smaller compared to its WT littermate [30] . MRI results showed that the Capn15 KO brain is also 14% smaller in volume compared to the WT animals. This brings up the possibility that the total 14% change in brain volume could be due to the proportional 10% weight loss, although there is no clear evidence in the literature that a decrease in overall weight leads to a decrease in brain volume. The brain makes up only a small fraction of the weight of the mouse, so the decrease in brain volume cannot explain the overall weight difference.
Certain brain areas such as subfields of the hippocampus and thalamus are still significantly smaller taking the 14% global change into account, inconsistent with a general decrease in brain size due to the lower weight of the Capn15 KO mice. On the other hand, the amygdala is significantly larger in Capn15 KO mice after scaling, indicating that this region is relatively spared. Unlike Drosophila, the loss of Capn15 leads to a less severe neurodevelopmental phenotype, although it should be noted that only viable Capn15 KOs were examined and based on Mendelian ratios, only 50% of Capn15 KO animals survive to weaning, thus it is possible that the mice that did not survive to weaning had more severe neuronal losses.
There does not appear to be a relationship between where Capn15 is expressed in the mature brain and the regions mostly affected by Capn15 loss during development. For example, Purkinje neurons highly express Capn15, but the cerebellum is not an area that is specifically affected as observed in MRI and the number of Purkinje neurons was not affected in Capn15 KO mice. In contrast, CA2 neurons do not express Capn15 in the adult, but brain MRI suggests that CA2 area is decreased in size in the Capn15 KO animals. The lack of any changes in the Capn15 cKO mouse in brain size and eye phenotypes, coupled with the wide and increased expression of Capn15 early in brain development, suggest that most of the phenotypes (brain size, eye development) we have examined occur due to an early developmental role of Capn15. The continued expression of Capn15 in brain areas involved in plasticity are consistent with a possible later role in plasticity, as has been seen in Aplysia [15] .
The expression pattern of Capn15 seems quite varied. In the area examined most closely, the hippocampus, it is expressed in CA1 and CA3 excitatory neurons, but not in CA2 or granule neurons. The largest expression may be in the dentate gyrus molecular neuron, perhaps in astrocytes, but such diffuse staining was not seen in other brain regions, such as the cortex or amygdala. Indeed, based on results in the Capn15 cKO mice, virtually all reactivity in the amygdala was in excitatory neurons as, based on immunoblots, almost all protein was removed in the amygdala in Capn15 cKO mice. We have examined single cell databases of neurons, but in general Capn15 is expressed at low levels and is only unreliably detected in most databases. 
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